A cDNA encoding a double-stranded-RNA (dsRNA)-binding protein was isolated by screening a HeLa cell cDNA expression library for proteins that bind the HIV-1 Rev-responsive-element RNA. The cDNA encoded a protein that was identical to TRBP, the previously reported cellular protein that binds the transactivation response element (TAR) RNA ofhuman immunodeficiency virus type 1. TRBP inhibited phosphorylation ofthe interferon-induced ribosome-asted protein kinase PKR and of the eukaryotic transtion initiation factor eIF-2a in a transient-expression system in which the translation of a reporter gene was inhibited by the localized activation of PKR. TRBP expression in HeLa cells complemented the growth and protein-synthesis defect of a vaccinia virus mutant laking the expression of the dsRNA-binding protein E3L. These results implicate RBP as a cellular regulatory protein that binds RNAs containing specific secondary structure(s) to mediate the hnhibition ofPKR activation and stimulate translation in a llized manner.
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Global regulation of eukaryotic mRNA translation is mediated by protein phosphorylation events, most notably at the translation initiation step, that involve eukaryotic initiation factor 2 (eIF-2). eIF-2 is a heterotrimer composed of three nonidentical subunits, a (36 kDa), ( (38 kDa) , and y(52 kDa), that forms a complex with the initiator Met-tRNA and GTP and binds to the 40S ribosomal subunit to form a 43S species. After mRNA binding, the 60S ribosomal subunit associates with the complex to generate the 80S species concomitant with the hydrolysis ofGTP to GDP and release ofGDP-bound eIF-2a. Phosphorylation of the eIF-2a subunit prevents the GTP exchange and eIF-2 recycling and arrests translation (1, 2) . A ribosome-associated protein kinase, PKR, phosphorylates eIF-2a upon activation by double-stranded (ds) RNA (3) (4) (5) (6) . PKR is induced by interferon treatment (7) (8) (9) and mediates the antiviral and antiproliferative effects of interferon (10, 11) and modulates cellular differentiation (12) and stress response (10) . Although some viral RNAs and proteins that regulate PKR activation have been identified (8, (13) (14) (15) (16) (17) , there is a paucity of information regarding cellular regulators ofPKR. A 15-kDa protein, dRF, induces reversible inhibition of PKR autophosphorylation in undifferentiated cells by preventing dsRNA binding (18) . PKR activation was inhibited in v-ras-transformed cells by a thermolabile, diffuisible factor that was not bound by dsRNA (19) . A 58-kDa cellular protein that inhibits eIF-2a phosphorylation by activated PKR has been identified in influenza virus-infected cells (20) . Poliovirus infection induces either a cellular protease or a proteolytic activator that degrades the endogenous PKR (21 (22) . TRBP displayed affinities for a broad range of natural and synthetic RNAs, including HIV RRE and TAR RNAs, with a 12-bp G-C-rich dsRNA constituting the minimal binding motif (data not shown). TRBP shared significant sequence homology with several cellular and viral RNAbinding proteins, including the dsRNA-binding domain near the N terminus (aa 10-77) of dsRNA-dependent PKR (24) , the C-terminal 67 aa (aa 118-184) of the vaccinia virus dsRNA-binding E3L protein (25) , the Xenopus dsRNAbinding protein X Irbpa, and the Drosophila Staufen protein, confiring a recent report (26) .
TRBP had no homology with any of the 11 kinase domains of PKR or other ATP-or GTP-dependent protein kinases. Purified TRBP had no measurable phosphorylation activity with or without dsRNAs (data not shown). Interferoninducible PKR is normally activated by low amounts of viral dsRNA or poly(I) poly(C) to phosphorylate itself (3, 27, 28) . Autophosphorylation results in a conformational change in the enzyme, enabling it to phosphorylate other substrates such as histones and eIF-2a, but not other molecules of PKR (2, 3, 29, 30) . Excess amounts of dsRNA irreversibly inactivate PKR (3, 5, 31) . TRBP inhibited dsRNA-induced phosphorylation of PKR in vitro, and this inhibition was reversed by the addition of excess dsRNA (data not shown).
To inquire whether exogenous TRBP can modulate PKR activation in living cells, we employed a transient expression system (15) To monitor the effect of TRBP expression in this system, the RSV.5 vector, or the vector encoding TRBP, pRSV-TRBP, was cotransfected with pD61. As controls, pD61 was cotransfected with either p2a-wt, which encoded the wildtype eIF-2a and had no effect on PKR activation (35) , or pE3L, which encoded a potent inhibitor of PKR activation.
After 42 hr, cells were metabolically labeled with [35S]methionine, and cell extracts were prepared for SDS/PAGE.
RNA was prepared from plates that were transfected in parallel and evaluated by Northern blot analysis. Cotransfection of pD61 with p2a-wt resulted in detectable levels of DHFR protein synthesis in the total cell extract (Fig. 1A , lane 2, arrow) and significant levels of DHFR mRNA (Fig. 1B,  lane 1) . Cotransfection of pD61 with pE3L increased the DHFR protein expression 3-fold (Fig. 1A, lane 3) above that observed in cells cotransfected with pD61 and pMTVAvector (Fig. 1A, lane 1) , although similar levels of DHFR mRNA were expressed (Fig. 1B, lanes 1 and 2) . Since the vectors p2a-wt and pE3L contained DHFR cDNA sequence within the 3' end of the transcript, these plasmid-derived mRNAs were also detected by hybridization to a DHFR probe (15) . The =25-kDa E3L protein was readily detected in the total protein lysates of these cotransfectants (Fig. 1A , lane 3, dot). A smaller species, of =20 kDa (Fig. 1A , lane 3, dot) represents an internally initiated (at the 38th codon) translation product (15, 33) . While the relative abundance of the two E3L species was variable, both of them bound RNA (H.-W.C. and B.L.J., unpublished data). Incidentally, another viral dsRNA-binding protein, the reovirus O3 protein, is also expressed as two species, a full-length 40-kDa protein and an N-terminally truncated form that is initiated at a methionine codon at position 38 (K. L. Denzler and B.L.J., unpublished data).
Cotransfection with control RSV.5 vector did not result in increased DHFR synthesis from pD61 (Fig. 1A, lane 4) , whereas cotransfection with RSV-TRBP increased DHFR protein synthesis 10-fold (Fig. 1A, lane 5 ). An additional negative control, which employed a cytomegalovirus promoter-linked TRBP antisense plasmid, also failed to enhance DHFR expression (data not shown). The "43-kDaTRBP was not readily visualized in the crude lysates of pRSV-TRBP cotransfectants (Fig. 1A, lane 5) , presumably because it was masked by the abundant actin band. However, TRBP expression in these cells was quite obvious when the electrophoresed lysates were immunoblotted with anti-TRBP antibodies (Fig. 1A, lane 10 ) and was correlated with the presence of TRBP mRNA detected by RNA filter hybridization (Fig. 1B, lane 4) . After normalization to actin mRNA, a portion of the increased DHFR synthesis in the RSV-TRBP transfectants was estimated to be due to the 3-fold increase in the DHFR mRNA level (Fig. 1B, lane 4) (Fig. 2) . AE3L replicates poorly in HeLa cells but well in CEFs. AE3L-infected HeLa cells were blocked for both viral and host cell protein synthesis (Fig. 2) . However, when HeLa cells were transfected with an E3L expression plasmid 48 hr prior to infection with the AE3L mutant, the profile of the labeled proteins resembled that of wild-type infection (Fig. 2, lane 5) from the unregulated function of eIF-2a. A similar phenomenon can be envisioned for proteins such as TRBP if they inhibit PKR in the global context. But cellular dsRNAbinding proteins can also induce profound physiological changes by acting locally. For instance, the mRNAs for specific gene products such as growth factors, protooncogenes, and tyrosine kinases such as c-Sis (41), c-Myc (42), and Lck (43) are translated poorly and have extensive secondary structures at their 5' ends that may elicit localized PKR activation and translational repression. Proteins such as TRBP that may bind different subsets of dsRNAs and relieve the translational block of selected oncogenes present novel mechanisms of viral and cellular regulation. The dsRNAbinding proteins that regulate the PKR activation may act in concert with the RNA helicases such as eIF4E and eIF4F (44, 45) that unwind the 5' end of the mRNAs to promote ribosome binding (46) .
The roles of TRBP in HIV replication have not been defined. TRBP coexpression augmented the expression of a chloramphenicol acetyltransferase gene linked to HIV LTR or the simian virus 40 promoter and the magnitude of transactivation by the HIV Tat protein (22) . However, we consistently failed to demonstrate any modulation of basal HIV LTR transcription or Tat transactivation by TRBP (unpublished data). In a recent report Gatignol et al. (47) have shown that nascent HIV TAR transcripts preferentially associate with endogenous TRBP, but they have not interpreted this finding in terms of their earlier claims of TRBP effects on LTR transcription or Tat transactivation (22) . We believe that the association of endogenous TRBP with the HIV TAR RNA in living cells simply reflects the intrinsic affinity of this nuclear protein for highly structured RNAs and may have no bearing on the nuclear events. TRBP failed to relieve the effects of cis negative RNA elements on HIV-1 Gag expression and did not alter the Rev effect on HIV transcripts containing RRE sequence. TRBP is one among three RRE RNA-binding nuclear factors that have been identified so far, including the 56-kDa protein and the interferon-induced 9.27 gene product. The 9.27 protein is presumed to be a Rev antagonist (48) , whereas the 56-kDa protein may be a Rev helper factor (49). The 9.27 protein and the 56-kDa protein are induced by interferon treatment and HIV infection, respectively, whereas TRBP expression is modulated by neither treatment (data not shown). However, it is possible that TRBP may be recruited by RRE or crs RNAs or by RRE and Rev to facilitate localized polysomal suppression of PKR under certain physiological conditions, such as interferon induction or cytokine activation. Although there have been disagreements about whether HIV-1 TAR RNA activates or inhibits PKR in vitro (50, 51) , a recent report has suggested that TAR RNA prevents the localized activation of PKR in living cells (52) . In this case, it is of interest to examine whether TRBP is recruited by the polysome-associated TAR transcripts.
